We have clearly discriminated the single-, bilayer-, and multiple-layer graphene (<10 layers) on Si substrate with a 285 nm SiO 2 capping layer by using contrast spectra, which were generated from the reflection light of a white light source. Calculations based on Fresnel's law are in excellent agreement with the experimental results (deviation 2%). The contrast image shows the reliability and efficiency of this new technique. The contrast spectrum is a fast, nondestructive, easy to be carried out, and unambiguous way to identify the numbers of layers of graphene sheet. We provide two easy-to-use methods to determine the number of graphene layers based on contrast spectra: a graphic method and an analytical method. We also show that the refractive index of graphene is different from that of graphite. The results are compared with those obtained using Raman spectroscopy.
The recent success in extracting graphite sheets in multiple layers, and even monolayer graphene, from highly ordered pyrolytic graphite (HOPG) using a technique called micromechanical cleavage 1,2 has stimulated great interest in both the fundamental physics study and the potential applications of graphene. 3 Graphene has a two-dimensional (2D) crystal structure, which is the basic building block for other sp 2 carbon nanomaterials, such as nanographite sheets and carbon nanotubes. The peculiar properties of graphene arise from its unique electronic band structure, in which the conduction band touches the valence band at two points (K and K′) 4, 5 in the Brillouin zone, and in the vicinity of these points, the electron energy has a linear relationship with the wavevector, E ) pkV f . Therefore, electrons in an ideal graphene sheet behave like massless Dirac-Fermions. 6, 7 Some of these unique properties have been observed experimentally [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and many new ideas [22] [23] [24] [25] [26] [27] [28] [29] about the fundamental physics and device applications of single-and multiple-layer graphene have been proposed. Presently micromechanical cleavage is still the most effective way to produce high-quality graphene sheets, and a quick and precise method for determining the thickness of graphene sheets is essential for speeding up the research and exploration of graphene. Although atomic force microscopy (AFM) measurement is the most direct way to identify the number of layers of graphene, the method has a very slow throughput and may also cause damage to the crystal lattice during measurement. Furthermore, an instrumental offset of ∼0.5 nm (caused by different interaction forces) always exists, which is even larger than the thickness of a monolayer graphene and data fitting is required to extract the true thickness of graphene sheets. 30 Unconventional quantum Hall effects [8] [9] [10] are often used to differentiate monolayer and bilayer graphene from multiple layers. However, it is not a practical and efficient way. Researchers have attempted to develop more efficient ways to identify different layers of graphene without destroying the crystal lattice. Raman spectroscopy is a potential candidate for nondestructive and quick inspection of the thickness of graphene. [30] [31] [32] Unfortunately, the differences between two layers and a few layers of graphene sheets are not obvious and unambiguous in Raman spectra. Another possible way is to identify graphene layers of different thickness with the "naked eye" with an optical microscope. However, this is not a quantitative method because the color/contrast often varies from one laboratory to another. 1, 9 In this contribution, we report a direct method for efficient and accurate inspection of the graphene sheet using contrast spectrum. The contrast between the graphene layers and the SiO 2 /Si substrate, which makes the graphene visible, was generated from a reflection spectrum by using a normal white light source. Clear contrast difference for graphene sheets from one to ten layers can be observed. Calculations based on Fresnel's equations have been carried out, and the results show excellent agreement with the experimental data. The contrast image provides good evidence that this new method is an efficient and unambiguous way to identify the number of graphene layers.
The graphene samples were prepared by micromechanical cleavage and transferred to a Si wafer with a 285 nm SiO 2 capping layer. 1 An optical microscope was used to locate the graphene sheet, and the thickness was further confirmed by Raman spectra/image. In the reflection experiments, incident light was emitted from a normal white light source (tungsten halogen lamp, excitation range from 350 to 850 nm, through a 1 mm aperture). The reflected light was collected using backscattering configuration (with a 100 um pinhole) and directed to a 150 lines/mm grating and detected with a TE-cooled charge-coupled-device (CCD). The obtained reflection spectra were compared with that of a background spectrum from SiO 2 /Si to generate the contrast spectra. The Raman spectra were carried out with a WITEC CRM200 Raman system. The excitation source is 532 nm laser (2.33 eV) with a laser power below 0.1 mW on the sample to avoid laser induced heating. A 100× objective lens with a NA ) 0.95 was used both in the Raman and in reflection experiments, and the spot sizes of 532 nm laser and white light were estimated to be 500 nm and 1 µm, respectively, which we determined by using a scanning edge method. 33 For the contrast and Raman image, the sample was placed on an x-y piezostage and scanned under the illumination of laser and white light. The Raman and reflection spectra from every spot of the sample were recorded. The stage movement and data acquisition were controlled using ScanCtrl Spectroscopy Plus software from WITec GmbH, Germany. Data analysis was done using WITec Project software. Figure 1a shows the optical image of a graphene sample on the SiO 2 /Si substrate. The graphene sheet shows four different contrast regions, which can be understood as having four different thicknesses. The Raman spectra were then taken from different regions of the sample, and the results are shown in Figure 1b . As has been proposed by Ferrari et al., the second-order Raman 2D band is sensitive to the number of layers of graphene 31, 32 and the 2D band of single layer graphene is very sharp and symmetric. For bilayer and multiple-layer graphenes, the 2D band becomes much broader mainly due to the change of electronic structure of graphene, which affects the process of double resonance effect. 34 In our Raman spectra, the sharp 2D band of the single layer graphene can be clearly observed and distinguished from bilayer and multiple layer. However, the difference in the 2D band is not obvious for two to four layers. A clear difference between those layers is that G band intensity shows an increase with the number of layers (the spectra are recorded under the same condition). Once the single-layer graphene is identified by the 2D band of Raman scattering, we can further identify different layers of graphene from the G band intensity plot, as shown in Figure 1c . This can be done as the intensity of the G band almost linearly increases with the number of layers of graphene.
32 Figure  1d plots the Raman intensity of the G band along two dash lines drawn in Figure 1c . It is obvious that the graphene sheet contains one, two, three, and four layers. These can be compared with the contrast spectrum/image discussed later. Figure 2 shows the contrast spectra for different thicknesses of graphene sheets, together with the optical images of all the samples used. Besides the samples with one, two, three, four, seven, and nine layers, samples a, b, c, d, e, and f are more than 10 layers thick and the thickness increases from a to f. The contrast spectra are obtained by the calculation C(λ) ) (R 0 (λ) -R(λ))/R 0 (λ), where R 0 (λ) is the reflection spectrum from the SiO 2 /Si substrate and R(λ) is the reflection spectrum from graphene sheet. With this method, the contrast across the whole visible range (with a spectrum resolution higher than 1 nm) can be recorded continually and no bandpass filter, which was used in ref 35 , is needed. Although one can observe different colors/ contrasts for graphene sheets of different thickness using the optical image with the "naked eye", graphene's visibility strongly varies from one laboratory to another and it relies on experience of the observer. Contrast spectra can make it quantitative and accurate. The contrast spectrum for singlelayer graphene has a peak centered at 550 nm, which is in the green-orange range and it makes the single-layer graphene visible. The contrast peak position is almost unchanged (550 nm) with increasing layers up to 10. The contrast for single-layer graphene is about 0.09 ( 0.005, and it increases with the number of layers, for example, 0.175 ( 0.005, 0.255 ( 0.010, and 0.330 ( 0.015 for two, three, and four layers, respectively. For graphene of around 10 layers in thickness, the contrast of the sample saturates and the contrast peak shifts toward higher wavelength (samples a and b). For samples with a larger number of layers (c-f), negative contrast occurs. This can easily be understood that these samples are so thick that the reflections from their surface become more intense than that from the SiO 2 /Si substrate, resulting in negative value contrast.
The origin of the contrast can be explained by Fresnel's equations. Consider the incident light from air (n 0 ) 1) onto a graphene, SiO 2 , and Si trilayer system. The reflected light intensity from the trilayer system can then be described by 35, 36 where r 1 ) (n 0 -n 1 )/(n 0 + n 1 ), r 2 ) (n 1 -n 2 )/(n 1 + n 2 ), and r 3 ) (n 2 -n 3 )/(n 2 + n 3 ) are the reflection coefficients for different interfaces and 1 ) 2πn 1 (d 1 /λ) and 2 ) 2πn 2 -(d 2 /λ) are the phase differences when light passes through the media which is determined by the path difference of two neighboring interfering light beams. The thickness of the graphene sheet can be estimated as d 1 )N∆d, where N represents the number of layers and ∆d is the thickness of single layer graphene (∆d ) 0.335 nm). 37, 38 The refractive index of graphene may differ from that of bulk graphite (n G ) 2.6 -1.3i), 35 which can be used as a fitting parameter. The thickness of SiO 2 , d 2 , is 285 nm, with a maximum 5% error. The refractive index of SiO 2 , n 2 , is wavelength dependent, which was taken from ref 39 . The Si substrate can be considered semi-infinite and the refractive index of Si, n 3 , is also wavelength dependent. 39 The reflection from SiO 2 background, R 0 (λ), was calculated by using n 1 ) n 0 ) 1, and d 1 ) 0.
The calculated contrast spectra of single layer graphene are shown in Figure 3 . The optimized simulation result was obtained with the refractive index of a single-layer graphene n z ) 2.0 -1.1i, whereas the simulation result using the bulk graphite value of n G (2.6 -1.3i) shows large deviation from our experimental data. The variation of the refractive index of graphene from that of graphite may be ascribed to the decrease of interlayer interaction when the sample is ultrathin. Using the optimized refractive index n z , we calculated the contrast spectra of 2-10 layers and a significant improvement of agreement between the fitting results and the Figure 3 . The contrast spectrum of experimental data (black line), the simulation result using n ) 2.0 -1.1i (red line), and the simulation result using n G ) 2.6 -1.3i (dash line).
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(1) Figure 4 . The contrast simulated by using both n G (blue triangles) and n z (red circles), the fitting curve for the simulations (blue and red lines), and our experiment data (black thick lines), respectively, for 1-10 layers of graphene. experimental data was readily achieved as shown in Figure  4 . The deviation between experimental results and simulation is only 2%. With this technique, the thickness of an unknown graphene sheet can be determined directly by comparing the contrast value with the standard values shown in Figure 4 . Alternatively, it can be obtained using the following equation
where N (e10) is the number of layers of graphene sheet. Our technique does not need a single-layer graphene as reference (as in Raman), and it does not have an instrument offset problem caused by different interaction forces between probe and medium (as in AFM). 30 Moreover, the simulation shows that the highest contrast of graphene sheet is almost unchanged for the thickness of SiO 2 substrate between 280 and 320 nm. Thus, our results can be applied directly to a 300 nm SiO 2 capping layer, which is also commonly used. With simple modification, our technique can also be used to identify the number of graphene layers on a 90 nm SiO 2 substrate, which, as suggested by Blake et al., 35 may provide better contrast.
In order to demonstrate the effectiveness of the contrast spectra in graphene thickness determination, we carried out contrast imaging, which was performed by scanning the sample under white light illumination, with an x-y piezostage and recording the reflection spectrum from every spot of the sample. As shown in Figure 5a , distinct contrast for different thicknesses of graphene can be observed from the image. It is worth noting that the contrast image measurement can be done in a few minutes. Parts b and c of Figure 5 show contrast along the two dash lines on the image. The contrast value for each thickness agrees well with those shown in Figure 4 . Using eq 5, the N values along the two dash lines are calculated, where the N along the blue line is 0.99, 1.93, and 3.83 and along the red line is 0.98, 2.89 and 3.94. Again our results show excellent agreement. The 3D contrast image is shown in Figure 5d , which gives a better perspective view of the sample.
In summary, we have demonstrated that by using contrast spectra, we can easily determine the number of graphene layers. We have also calculated the contrast using Fresnel's equations, and the results show an excellent match with the experimental data. From the simulation, we extracted the refractive index of graphene below 10 layers as n z ) 2.0 -1.1i, which is different from that of bulk graphite. Our experimental values can be directly used as a standard to identify the thickness of graphene sheet on Si substrate with ∼300 nm SiO 2 capping layer. We have also given an analytical expression for determining number of layers. From the contrast image, we have demonstrated the effectiveness of this new technique. Although current research mainly focuses on the single and bilayer graphene, we believe that multiple layers (less than 10 layers) of graphene also have interesting properties as they still exhibit the two-dimensional properties. 3 Reflection and contrast spectroscopy provides a fast, nondestructive, easy-to-use, and accurate method to identify the number of graphene layers (below 10 layers), which helps future research and application of graphene.
